SUMMARY Thirty-one medieval skulls, mostly dating from the Black Death in 1348, were compared with 32 modern, untreated adults. The medieval population was unusual because the skulls could be so closely dated. Lateral skull radiographs were used for the comparison, based on the method of Seddon (1984). A method error study indicated that the measurements could be treated with reasonable confidence, although possible difficulties with the material are discussed. The findings suggest that the modern group have the longer face and longer palate. The medieval group were found to have more retroclined upper incisors and more proclined lower incisors as well as reduced overbites. The results also suggest changes in mandibular shape over time together with cranial base changes: the modern mandible has a more obtuse gonial angle and is generally longer and thinner. It was not possible to reach a firm conclusion regarding chin prominence. The cranial base saddle angle has become more acute since the mediaeval period, and the length S-N is greater in the modern group. Depending on interpretation, the skull material could be said to have a more prominent maxilla. Possible reasons for the differences are discussed.
Introduction
Previous studies have indicated that both the prevalence and severity of malocclusion have increased since medieval times. For example, in Scandinavia, Helm and Prydso (1979) investigated the prevalence of malocclusion in medieval and modern Danes. The results indicated that severe overjets of 9 mm or more were nonexistent in the Middle Ages, whilst in the modern population 3 per cent had overjets of at least 9 mm.
Two aspects of malocclusion need to be considered: (1) malocclusion in terms of crowding; (2) malocclusion in terms of skeletal discrepancy. Often in the literature, these have been combined: Begg's paper of 1954 has greater relevance to crowding in the aetiology of malocclusion in modern man than it does to skeletal discrepancy. This was noted by Begg, but is not always emphasized by other workers. This has, however, recently been highlighted by Harris and Johnson (1991) .
There are comparatively few cephalometric studies on ancient populations. Most use direct measurements, but generally it has been found that since medieval times there have been bizygomatic and bimaxillary width decreases (Goose, 1981) , the gonial angle has become more obtuse (Frake and Goose, 1977) , and there are also differences in incisor inclination (Lysell and Filipsson, 1958; Mohlin et al., 1978; Varrela, 1990a) . Ingervall et al. (1972) examined cranial base differences between nineteenth century crania and a modern group. The modern group had a more acute saddle angle and the study found that some skeletal differences can occur over comparatively short time spans. Similar results were found by Seddon (1984) who compared Romano-British skulls with a modern population.
Suggestions put forward to explain the differences found between ancient and modern groups can be categorized to some extent:
(1) those relating to changes in dietary consistency with effects on both muscle function and attrition (Begg, 1954; Goose, 1962; Moore et al., 1968; Frake and Goose, 1977; Mohlin et al., 1978; Helm and Prydso, 1979) ;
(2) those relating to the effects of evolution together with dietary effects (Hooton, 1946; Carlson, 1976) ; (3) hybridization effects as the result of increased rates of breeding leading to increased variation (Dickson, 1969) . Evidence for the dietary hypothesis has been sought from animal experiments and other sources. The work of Kiliaridis and co-workers (Kiliaridis et al., 1985; Kiliaridis, 1986) on rats goes some way to explaining the effects, but these only show small differences in the viscerocranium when weight-matched rats are used and do not explain differences in incisor inclination or the cranial bases. In humans, palaeopathological evidence can be useful, but confusion needs to be avoided with, for example, conditions such as DISH (diffuse idiopathic hyperostosis). This has been associated with repetitive stress phenomena when, in fact, this is not an uncommon ageing and lifestyle effect seen in the axial skeleton (Rogers, 1992) of early populations.
This study therefore aimed to see whether further light could be shed on the reasons for the increasing severity and prevalence of malocclusion with particular reference to the skeletal changes if any. Seddon's clearly defined parameters (Seddon, 1984) were used to allow accurate comparison with his findings particularly as other studies had less complete analyses which differed from one another. Analysis of the dentition of this skull population as compared with a modern group is the subject of a study by Harper (1991) .
Materials and methods

The medieval population
The skulls came from the Museum of London. The unusual feature of the material was that much of it could be so closely dated to a particular year. Previous studies have frequently used pooled skulls from over hundreds of years (Frake and Goose, 1977; Lundstrom and Lysell, 1953; Lavelle et al., 1971; Goose and Parry, 1974) .
The skulls for the medieval study came from three sources and two periods. Of 31 skulls, 15 were from a plague pit (dating from the Black Death in 1348) revealed during the demolition of the old Royal Mint in London following its relocation to South Wales. Some 700 individuals were 'buried' here, but this consisted of flinging the bodies haphazardly into the pit without coffins. Four of the 15 were thought to be from a later date, possibly even 15th century. These 15 skulls were supplemented by skulls in the Museum collection from graveyards at Norton Folgate and Spitalfields, but these were contemporary with the 1348 skulls. (In the dating of these skulls I am indebted to Dr J. Rackham and his colleagues at the Museum of London; Rackham, personal communication 1989.) Ziegler (1988) cites Russell's figures to estimate the population size of London in about 1348. This is reckoned to have been approximately 50-60000 and it is suggested that 20-30000 people died as a consequence of the Black Death although accurate figures are hard to come by.
Sexing the sample
No attempt was made to sex the skulls from the crania alone as this can be unreliable, particularly if carried out by inexperienced observers. Giles and Elliot (1963) cite evidence that even in the best hands, accuracy of sexing using only cranial material is 90 per cent at most. Miles' method (1962) was used in which wear patterns of molars correspond to a particular age. Other methods of ageing, such as by examining the state of various sutures have often been employed but it is generally acknowledged that these criteria give only very approximate and unreliable age estimates (Brooks, 1955 , cited by Miles, 1962 .
Ageing of the sample
Many of the skulls examined were too badly damaged to be of use. A sample bias could result if only the strongest skulls survived. Some skulls were not free of matrix, but further cleaning was likely to jeopardize them. It was assumed that the material was entirely of Northern European stock. Lastly, the four skulls of possibly later date could differ from the other material and this was investigated.
Records of the modern population were supplied by Professor C. D. Stephens at Bristol Dental Hospital. They consisted of lateral skull radiographs of dental students who had enrolled on the course in the early 1970's. Thirty-two cases were chosen as being suitable since these had not had orthodontic treatment or extrac-tions anterior to the second molars. In this material of course sexing and ageing were not a problem.
Medieval Londoners were unlikely to be completely comparable with modern Bristol University undergraduates, but the Bristol material was the only untreated, adult material available with lateral skull radiographs. However, there were more male students than female.
Criteria of selection of the skulls
Medieval. All the cephalometric points to be used had to be present. Where central incisors were missing, a template method was used to mimic the missing tooth (described later), and at least one condyle and its respective articular fossa had to be intact. Sufficient teeth had to be present to provide a definite occlusion and mandibular articulation. Some reassembly was considered permissible if the bones and teeth could be accurately located.
Modern.
Only orthodontically untreated students who had not undergone extractions anterior to second permanent molars were selected. However, two students with one first molar only extracted were included. To confirm the selection, an attempt was made to contact the ex-students and to directly confirm whether or not the selection was valid and, therefore, a postal survey was carried out. As a result of this, one ex-student had to be eliminated giving a sample of 32. Cases obviously not of Northern European origin were excluded, although since this was based entirely on the name of the person, this was not completely reliable.
General. In line with other workers such as Lundstrom and Lysell (1953) , Lavelle et al. (1971) and Seddon (1984) , only adult material was used. This was straightforward for the modern population but required a definition for the medieval group: this was that at least the second molars should be present in the mouth (or their sockets should be evident). To gauge the magnification of the cephalostat, a plastic ruler with metal markings was suspended in the mid-sagittal plane. The radiographs were taken at 100 mA and 100 kV at 0.15 seconds.
Summary of the Groups
Where upper or lower central incisors were missing, a radiograph was selected which had teeth that appeared similar. Its upper or lower central incisor was traced and this was used as the template for the missing incisor, it being taped down into the radiographic 'socket'. This was necessary for five skulls.
Cephalometric points used ( Fig. 1 ) Fifteen points were selected and four fiducial points were made using pin holes, one in each corner of all the radiographs. This procedure minimized the degree of rotational and translational error when the computer transformed the second digitization on to the first.
The points were directly digitized from the radiograph with the exception of the mandib-
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Fignre 1 The cephalometric points used. ular points. For these points, a tracing of the mandibular outline was made, leaving out the condylar head as this was usually obscured. Where there was a double image, the outline was taken as that being mid-way between the two. The tracings and digitizations were carried out using standard tracing procedures. The cement-enamel junctions around the teeth were not always clear and, therefore, the highest visible bone level was traced.
Construction of the areas and indices
The mandibles were sub-divided into particular areas using the lower central border of the inferior dental canal which was also traced. The divisions and their construction are shown in Fig. 2 . The coronoid process was the area limited by a line extending from the most concave point on the neck of the condyle to an equivalent point on the anterior border of the ramus. This was 'O', the origin. The body and ramus were denned by the bisector of the gonial angle extending until it intersected the inferior dental canal. A line was then drawn from the most concave point on the condyle neck, passing through the point where the gonial angle bisector intersected the inferior dental canal, until it cut the lower border of the mandible. This latter point was then used to extend a further line to the origin, point O. The body of the mandible was thus denned by the line joining point O to the lower border of the mandible, whilst the ramus comprised the remaining area, not included in either the body or the coronoid process.
The indices were calculated as ratios of mandibular lengths:
Coronoid Index: Cr-Yl/Ar-Pog x 100 per cent (a measure of the ratio between coronoid height to total mandibular length). Gonial Index: Go-Y2/Ar-Pog x 100 per cent (a measure of the ratio of ramus depth to total mandibular length). Mandibular Index: Ar-Go/Go-Pogx 100 per cent (a measure of the ratio between ramus height and mandibular body length). (Cr = coronoid tip, Yl = perpendicular distance from CT to length Ar-Pog, Y2 = perpendic ular distance from Go to length Ar-Pog.)
Digitizing
The radiographs were digitized twice on one occasion and then twice again some weeks later. Prior to each individual digitization, the fiducial points had to be double digitized to within 0.2 mm of each other. All other points had error limits set to 0.5 mm. To avoid fatigue, not more than 10 radiographs were digitized at a sitting. The data were stored on floppy discs. IBM compatible software were used, both at Guy's and Bristol. 
Statistics
A paired /-test, coefficient of reliability (Houston, 1983) and Dahlberg method error (1940) were calculated for the error study. Frequency plots were made of all data to visually assess departure from a normal distribution.
In Table 1 
Results
Method error
For the medieval group the paired /-test results indicated statistically significant differences for SNA, SNPog, and ramus area at the 10 per cent level; SNB, interincisor angle, SN/mandibular plane angle, and Go/S-N at the 5 per cent level. The coefficient of reliability range lay between 96.3 and 99.9 per cent. The results of Dahlberg's method error had a maximum value of 1.4 degrees for the angular measurements, 0.4 mm for the linear measurements and lay between 4.6 and 12.0 mm 2 for the area measurements. In the modern group, the paired /-test results indicated that there were statistically significant differences between readings of BNPog, A/ANS-PNS and the total mandibular areas at the 5 per cent level of significance. The mandibular body area was significantly different at the 10 per cent level. The coefficients of reliability lay between 99.4 and 99.9 per cent. The Dahlberg method error was again favourable (0.7 degrees, 0.2 mm and 13.8 mm 2 being the maximum error values for the angular, linear, and area measurements).
Before comparing the medieval group with the modern group, the four fifteenth century skulls were compared with the other medieval skulls. The /-test indicated only one statistically significant difference and these skulls were thus pooled with the rest.
Medieval skulls compared with the modern group
The results are shown in Table 1 and Fig. 5 . Generally, significance refers to the results of the /-test. The Mann-Whitney t/-test ([/-test) is referred to in some instances, but since the /-test is the more 'robust' test, where there is a disagreement it is probably best to pursue the /-test result, especially since the frequency plots appeared to show normal distribution curves.
Significant differences were found as follows: angles SNA, ANB, NSAr, and Ll/Md plane were significantly greater in the mediaeval group. The angles ArGoMe, Ul/Mx plane, and linear measurements S-N, N-Ar, Ar-Pog, overbite, and upper and total face heights were significantly greater in the modern group. SN/Md plane reached the 5 per cent level with the C/-test, but just failed to reach this level with the /-test. The maxillary length, A/ANS-PNS also reached significance with the /-test, but just failed to reach this level with the £/-test.
Areas and indices
There were no significant differences between the mandibular areas, but there were significant differences in the individual areas expressed as a percentage of the whole. The ramus percentage area was less in the modern group but the body percentage area was greater. All the mandibular indices were greater in the medieval group. These results indicate that in the medieval group, the ramus formed a larger proportion of the mandible. Ramus height was greater in proportion to the body length as was the gonial 
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Discussion
The principle differences between the two groups are shown diagrammatically in Fig. 5 , the facial polygons. These are superimposed on S-N (at S), but note that there are differences between the two groups in the cranial base.
The medieval group has a mild Skeletal II base when compared with the modern group. This is reinforced by the cranial base saddle angle tending to be more obtuse in the medieval group setting the mandible more posteriorly. The medieval mandible is shorter than the modern mandible although this is not confirmed by the SNB angle. This has remained unchanged as other workers have also found (e.g. Mohlin et al., 1978; Seddon, 1984; Lysell and Filipsson, 1958) and is probably due to changes in nasion position affecting SNB and SNPog, masking the effects of mandibular length change. The ANB difference is due to SNA having reduced
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Flgnre 5 Superimposition of the facial polygons-impression using averaged data.
in the modern group: S-N being longer in this group and the modern face also having increased vertical dimensions could result in the medieval group appearing to have a more prominent maxilla. The effect of nasion position on a number of variables is shown in Fig. 6 . Varrela (1990b) comments that one of the morphological features of an attritive diet is a more prominent maxilla, but the effects seem to be small: Lysell and Filipsson (1958) found SNA to be 82.7 degrees in their mild attrition group increasing to 84.1 degrees in the high attrition group, amongst medieval Swedes. A Mest performed on their results shows the difference is not significant. Seddon (1984) found no significant difference between the ancient and the modern SNA values.
The skeletal base discrepancy in the medieval group in this study is overcome by retroclination of the upper incisors and proclination of the lowers. Mohlin et al. (1978) found that upper and lower incisors were more proclined than in the present study. Seddon (1984) found greater retroclination of the upper incisors than in either study and this increased with increasing attrition. Lower incisor inclination was more stable, irrespective of attrition, remaining at about 92 degrees. In both studies, attritional effects are suggested to be the cause. However, it could be argued that upright upper incisors predispose to attrition. The findings tend to agree with Varrela (1990a), and Lysell and Filipsson (1958) who found retroclination of the upper incisors in the medieval group whilst proclination of the lower incisors in the present medieval group is in agreement with Lundstrom and Lysell (1953) . Neither they nor the present study could find evidence to suggest that the mandible moved forward as the result of attrition (judged by the change in SNB), as Begg (1954) suggested, since SNB remained unchanged.
It appears that in the present study the mechanism whereby the upper and lower incisors compensate for discrepancies in skeletal pattern is superior in the ancient group, especially since their teeth are ostensibly on a less favourable skeletal pattern.
The increased area at gonion in the medieval group indicates a larger, more powerful muscle attachment. This might be related to a shallower face, possibly as a result of forward rotation of the mandible. Further evidence of mandibular shape change is given by the fact that all the mandibular indices are larger in the medieval group. The obtuse gonial angle in the modern group suggests that the medieval mandible was more square than its modern counterpart and agrees with Lavelle (1972) Seddon (1984) , and Lysell and Filipsson (1958) . There was no significant difference in the MMA (maxillomandibular planes angle) and this is at odds with other workers such as Frake and Goose (1977) , Mohlin et al. (1978) , Seddon (1984) , and Varrela (1990a), but if the shape has changed as shown in Fig. 6 , this could explain why no difference in MMA was found in the current study. Alternatively, it could be due to differences in attrition between the various groups: reduced attition could result in less forward mandibular rotation; indeed, a number of the medieval skulls had subjectively, quite mild attrition.
Comparison of mandibular dimensions with other studies is complicated due to the differences in points and measurement methods used. Seddon's results (1984) tend to agree with the findings of the present study. The modern mandible has become longer and thinner (although the overall area has remained much the same) and this is reflected in the measures Go-Pog and Ar-Pog together with the opening out of the gonial angle. These are all significantly greater in the modern material. Other workers such as Lavelle (1972) , Moore et al. (1968) , and Frake and Goose (1977) have found opposing results to those in this study and that of Seddon. However, both the studies of Moore, and Frake and Goose involved investigation of 37 and 36 medieval mandibles, respectively, but this period extended over 400 or 500 years.
There is disagreement over what has happened to the mandible over time. A complicating factor in interpretation is due to lack of sexing of the skulls in the present study. It seems there is scope for more work in this field.
Though statistically significant, the difference between the cranial base saddle angles of the medieval and modern groups was not great, but further credence is given to the result as Seddon (1984) also found a significant difference between his Romano-British skulls and the modern controls. Ingervall et al. (1972) found similar figures comparing nineteenth century Swedes with a modern Swedish population even when using basion. In this Swedish study, it should be noted that this modification has occurred over a short period: 160 years. Seddon (1984) found that the anterior cranial base length, S-N, had increased in his modern group although the total cranial base length had actually decreased. Ingervall et al. (1972) had similar findings to those in the present study and concluded that this was due to genetic drift and hybridisation.
The mean ages of the two groups according to the ageing method used in this study are not the same: if the medieval skull population were children this could explain some of the differences in the linear dimensions, but this seems unlikely. The modern group had the longer face, this being due to the upper face height increasing. Skull shrinkage could explain the result, but Ingervall et al. (1972) cite evidence that this is at most 2 per cent for linear dimensions. The results are not clear cut as clinically the differences would be fairly small albeit statistically significant. Furthermore, there is little in the literature with which to compare these results. Lastly, S-N being longer in the modern group alone ensures that N will be at a higher level than in the medieval group (assuming that S-N is inclined upwards). The results agree with those of Ingervall et al. (1972) in which modern conscripts had increased upper face height and total face height compared with nineteenth century Swedes. This is possibly a secular trend effect in common with the known secularization of increased stature in the Scandinavian population (Williams, 1979) . Improvements in nutrition are at least the partial explanation of this.
In addition, since the maxilla grows in part by vertical growth at the alveoli (Mills, 1983) then, due to weaker muscles, one might suggest that this could result in increases in maxillary height. This does occur in cases of muscular dystrophy (Mills, 1983) . Varrela (1990b) comments that attrition is associated with increases of posterior face heights. Seddon (1984) suggested that the increase in Go/S-N is due to an increase in Ar-Go in his group. In the present study, there was no significant difference in these dimensions between the groups. Finally, the modern palate being slightly longer than the medieval disagrees with Goose (1962) and Seddon (1984) , but agrees with Ingervall et al. (1972) . Sex differences, measurement techniques and differences in the timespans of medieval and other groups, could account for such variation.
Comparing the medieval skulls with the Romano-British skulls of Seddon (1984) a Mest indicates that despite the Romano-British skulls being 1000 years older, there are only eight significant differences in the variables measured when compared with the medieval skulls. Yet, when the medieval or Romano-British skulls are compared with the modern group, then 23 variables become significantly different. This could be due to racial factors but the findings of the present study largely agree with previous findings and must cast doubt on this.
Interpretation of the results is difficult. Increase in the gonial angle is generally accepted as being due to softer diets (e.g. Moore et al., 1968, and Frake and Goose 1977) . Some problems associated with this hypothesis include factors such as lack of agreement over when dietary changes occurred (compare Goose, 1962; Frake and Goose, 1977; Lavelle, 1972; Moore et al., 1968) lack of knowledge as to what early diets really comprised (Brothwell, personal communication) and of how tough or otherwise these diets really were. Simply cooking food can change its consistency greatly and cooking has occurred over at least the last 6000 years (Brace and Mahler, 1971) .
Evidence that skeletal changes in earlier populations are always associated with a change in cooking custom is also lacking: Scandinavian (Sagne, 1976) and Japanese studies (Ito et al., 1983; and Kamegai et al., 1982) show changes occurring between and within historical phases for which a dietary explanation is absent. Finally, numerous other factors have changed since at least medieval times, but these have not been sufficiently investigated.
The angle of the mandible, being a muscular process and dependent on the presence of a muscle for its existence (Avis, 1959) , has become more obtuse, presumably because the masseter muscle has become weaker over the centuries. However, Proffit and Fields (1983) , and Proffit et al. (1983) in their work on long faced individuals, conclude that decreased biting forces appear to be an effect of the condition rather than its cause. Evidently more work is required to clarify cause and effect.
Differences in incisor inclinations have been associated with attritional effects, e.g. Begg (1954) and Mohlin et al. (1978) , and studies comparing high and low attrition groups find greater upper incisor inclination differences with increasing attrition (e.g. Seddon, 1984) , but one would have to show that it is not simply the most retroclined upper incisors which are most associated with attrition. Also, variation between studies regarding whether incisors retrocline or procline have not been widely examined or explained. Mohlin et al. (1978) comment simply that in Swedish studies, these differences may be due to variation in 'e.g. eating habits'.
Further work on dietary effects needs to be carried out in order to understand the mechanisms. For example, distinguishing the effects of a tough diet from an attritional one. At present correlation may have been confused with causality.
Conclusions
The main differences between the medieval and modern groups in this study are:
(1) A tendency to increased upper face heights in the modern population, whilst the medieval maxilla was slightly more prominent than its modern counterpart. (2) The cranial base saddle angle, NSAr, has decreased in the moderns, and the lengths S-N and N-Ar are both greater in the modern group. (3) The medieval population have more retroclined upper incisors and proclined lower incisors compared to the modern group and the modern mandible seems to be longer and thinner with a more obtuse gonial angle and the modern palate is also longer.
Dietary differences are likely to be major explanatory factors, but the evidence is not yet conclusive. 
